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Commonwealth marine economies 
A B S T R A C T   
Nearshore deterioration of water quality in Pacific coastal waters is a growing problem, associated with in-
creasing urban and industrial sewage discharges, and agricultural runoff. Published water quality studies in the 
Pacific region are limited in both number and scope, making it difficult to resolve the extent of the issue or 
quantify the variability of water quality across Pacific islands and countries. This study collected water quality 
measurements over three years in the coastal waters around the Island of Efate (Vanuatu) with majority of work 
carried out in Port Vila, its capital. Port Vila is the key urban centre for Vanuatu where the increasing population 
and pollution inputs are placing substantial pressure on the coastal environment. Highest concentrations of 
dissolved nutrients and suspended sediments were measured adjacent or near the urban drains that enter the 
coastal areas along the capital's seafront, highlighting many of the issues around anthropogenic inputs are linked 
to the increasing urbanisation in Port Vila Bay. We provide baseline data that explores variability of coastal 
water quality and these types of datasets for Pacific islands are a first step towards facilitating development of 
long-term monitoring programmes and informing coastal zone management decision making.    
Pacific countries and their marine waters have high environmental 
and human value, with vast areas of marine habitats, coastal waters, 
vulnerable ecosystems and biota (Tsamenyi and Jit, 2011). A large 
proportion of the Pacific community live close to the sea or are highly 
dependent on their association with it (Bell et al., 2011; Donnelly et al., 
2012; Muckle et al., 2015) with human wellbeing being intrinsically 
linked to the health of the marine oceanscape. Whilst there are several 
ongoing research programs in the Pacific that target climate change, 
water quality and habitat loss, it is difficult to adequately report on the 
40 million km2 area of the Pacific oceanscape (Tsamenyi and Jit, 2011). 
There is an urgent need for accessible water quality data and improved 
understanding of the impacts of pollution to ensure good environmental 
health and human wellbeing and to support sustainable fishing and 
tourism (Komugabe-Dixson et al., 2019; Mcleod et al., 2019). 
The Commonwealth Marine Economies (CME) Programme was in-
itiated in the Pacific in 2016 with funding from the United Kingdom 
government (McManus et al., 2019). The aim of the programme was to 
provide Commonwealth Small Island Developing States (SIDS) with 
improved hydrographic and scientific data relating to their marine 
environments. This approach to the collection and dissemination of 
scientific data aligns well with the objectives laid out in Salpin et al. 
(2018), who identified that the opportunity for Pacific Small Island 
Developing States (PSIDS) to undertake and benefit from marine sci-
ence, including accessing appropriate technology, represents a sig-
nificant contribution to their sustainable development aspirations. 
Many components of ecological measurements in Pacific countries were 
carried out under this program, with detailed summaries of the pro-
gramme outputs presented in technical reports (Devlin et al., 2018;  
McManus et al., 2019) and several published papers including model-
ling of pollutant dispersal (Graham et al., 2020), seagrass mapping and 
evaluation (CMEP, 2019a, 2019b), climate change report cards 
(Townhill et al., 2020) and socio-economic assessments (Tyllianakis 
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et al., 2019) (Fig. 1). This paper presents baseline water quality data 
focusing on nutrients and sediment parameters collected in Efate. The 
data are discussed in the context of the broader program, and water 
quality outcomes compared against other studies in the programme to 
provide further validation of the baseline data analysis. 
The water quality parameters that were measured under this pro-
gram include physico-chemical data, dissolved and particulate nu-
trients, suspended sediment and chlorophyll-a, all of which are com-
monly used measures of eutrophication and general water quality 
assessments (Brodie et al., 2010; Devlin et al., 2007; Foden et al., 2010). 
Additional water quality related information on human health metrics 
(microbial contamination) and metal and chemical contaminant con-
centrations (persistent organic pollutants) were also collected and are 
reported elsewhere, (Devlin et al., 2018; Devlin et al., 2020; CMEP, 
2019a, 2019b; Graham et al., 2020; Smith et al., 2020; Townhill et al., 
2020). This water quality data, in addition to the nutrient and sediment 
data presented here, provided information on the pressures that may 
influence the resilience of vulnerable ecosystems in Vanuatu, such as 
the seagrass beds and coral reefs (CMEP, 2019a, 2019b). These water 
quality parameters, the connections between the different measure-
ments and the underlying linkages to resilience are summarised in  
Fig. 1. Setting this component in context of the work that was delivered 
as part of the larger research program provides additional evidence to 
support the outcomes of the water quality work. 
Land based sources of pollution are significantly contributing to the 
decline of near shore coastal marine ecosystems, which, for many SIDS, 
provide essential goods and services for the local communities (Brodie 
et al., 2013; Brodie, 2016). Nearshore deterioration of water quality can 
result from sewage discharges, industrial waste discharges, dredge 
spoils, and agricultural and urban runoff (Brodie et al., 2013; Islam and 
Tanaka, 2004; Mallin et al., 2000). When coastal water quality is poor, 
the ability of Pacific coastal ecosystems to support healthy fisheries, 
aquaculture, recreational opportunities, tourism and other beneficial 
uses can be severely limited (Brodie, 2016; Naidu et al., 1991; Tsamenyi 
and Jit, 2011). The scale and severity of water quality issues can be 
exacerbated when it occurs in combination with warming waters and 
loss of resilience through climate change impacts (Anthony et al., 2015;  
Brodie et al., 2020Johnson et al., 2020; MacNeil et al., 2019; Ortiz 
et al., 2018; Townhill et al., 2020; Wolff et al., 2018). 
Sewage is one of the most significant source of coastal pollution 
across the Pacific region (Brodie, 2016; Carter, 1990; Chape, 2006;  
Koshy et al., 2006). The causes of sewage pollution include overflowing 
latrines, septic systems, low functioning sewage treatment plants, as 
well as the lack of sanitation facilities (Fujita et al., 2013; Herrera- 
Silveira et al., 2004; Islam and Tanaka, 2004; Komugabe-Dixson et al., 
2019; Mimura, 2006; Mosley and Aalbersberg, 2003). Nearly every 
Pacific island nation has identified critical environmental and public 
health problems resulting from the disposal of human related sewage 
(Brodie, 2016; Fujita et al., 2013; Naidu et al., 1991; Palanaippan et al., 
2017; UNEP, 1999). These have included algae blooms and eu-
trophication in lagoons, deteriorating coral reef health, contaminated 
drinking water in wells and outbreaks of gastro-intestinal disease and 
cholera in human populations in contact with the polluted water 
(Amato et al., 2020; Barnes et al., 2019; Fujita et al., 2013; Greenhill 
et al., 2019; Mosley and Aalbersberg, 2003; Quimpo et al., 2020; Singh 
and Mosley, 2003; Yoshioka et al., 2016). Sewage pollution is con-
sidered one of the more serious human environmental problems, re-
sponsible for a high prevalence of water-related diseases (Morrison, 
2016; Naidu et al., 1991; Poustie et al., 2016). 
Vanuatu, is an island country, located in the South Pacific. It com-
prises six provinces, spread across 82 islands with the capital Port Vila 
located on the island of Efate. The total population of Vanuatu in the 
2009 census was 234,023, with an average annual growth rate of 2.3%, 
and the highest proportion found in Port Vila (51,440 people, 2016 
census) and Luganville (16,310, 2016 census). Vanuatu, as with most 
Pacific countries, is experiencing an increase in coastal water quality 
related issues corresponding to a rising population and a lack of in-
frastructure to deal with the additional population pressures (Brodie 
et al., 2020; Carter, 1990; Kenter et al., 2011; Poustie and Deletic, 
2014). Unmanaged and uncontrolled sanitation and wastewater in 
Vanuatu are major concerns, particularly in relation to human health 
and ongoing impacts on the tourism industry. Outside of urban centres, 
water supply systems are either poor or non-existent and water quality 
is sub-standard and prone to contamination, mostly from human and 
animal waste (FAO, 2016). In both Port Vila and Luganville, ground-
water levels are decreasing as demand for water rises. There are cur-
rently no regulations for wastewater management or monitoring, and 
most of Port Vila and Luganville lack sewage and wastewater treatment 
systems. As a result, waste is usually disposed of via stormwater drains, 
directly into water sources or into septic systems that leach con-
taminants into coastal and freshwater systems (GSH, 2020). Recent 
studies have identified under-developed sanitary facilities as the source 
of microbial and nutrient contamination, which is carried into lagoons 
around Port Vila by rapid groundwater flows (Devlin et al., 2018;  
Graham et al., 2020; Poustie and Deletic, 2014; Poustie et al., 2016;  
String et al., 2020). Seepage of untreated sewage/septic systems into 
groundwater and stormwater drains, combined with poor natural 
flushing in Port Vila Bay, has resulted in microbial contamination, de-
creased oxygen concentrations and higher turbidity. Scabies, skin dis-
eases and malaria are the three most common water-related health is-
sues in Vanuatu (FAO, 2016; Mateo-Sagasta et al., 2017). Poor drainage 
and waste management are also a source of pools of water that are 
favourable breeding sites for malaria-carrying mosquitos. Agriculture is 
important for Vanuatu, as one of the main contributors to the economy. 
80% of the population is engaged in agricultural activities that range 
from subsistence farming to smallholder farming of coconuts and other 
cash crops. Copra is by far the most important cash crop (making up 
more than 35% of Vanuatu's exports), followed by timber, beef, and 
cocoa (Anon, 2019). Changes in the type of agriculture has had sig-
nificant impact on the downstream environment. Practices such as 
slash-and-burn agricultural practices, a cultivation technique in which 
trees are cut down and burned in order to clear land for temporary 
agriculture is one such activity that has contributed to increased dis-
charges of fine sediment and particulate nutrients into coastdal en-
vironment (Anon, 2019). 
Water quality data was collected during surveys conducted between 
Fig. 1. Summary of the datasets collected within the Commonwealth Marine 
Economies Programme to provide information on Pacific water quality and 
habitats. Whilst much of the work has been reported separately, the long term 
aim of the program is to integrate all data into a wider regional summary of 
water quality issues, the extent of pollution and impacts on resilience in coastal 
ecosystems. 
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May 2016 and January 2019 around the island of Efate, Vanuatu 
(Table 1), with a single survey of the island of Tanna. The two initial 
trips (T1, T2) in Vanuatu in May and August 2016 collected data from 
around Efate (Fig. 2), including North Efate, Mele and Port Vila. Trips 
between July 2017 and November 2018 (T3, T4, T5, T6, T7, T8) fo-
cused on 4 sites in North Efate (NE), 16 sites within Mele Bay, 20 sites 
within Port Vila Bay, 18 river sites, 5 sites within the lagoon system and 
10 sites located at close proximity to Port Vila outlet drains, Sites de-
signated as Port Vila Drains were located at the outflow of the storm-
water drains as they entered the area of Port Vila Bay (Fig. 2). Samples 
(45) were also collected around Tanna in December 2018 (T9) only. 
Higher resolution maps of all sites and areas are found in Supplemen-
tary Fig. 1 (Efate) and Supplementary Fig. 2 (Tanna). Not all sites were 
sampled during every survey nor was the full set of parameters col-
lected at every site, due to logistics, weather and boat availability. 
A series of physical and chemical variables were measured either in- 
situ or analysed from seawater samples. Depth profiles were obtained 
using an ESM2 profiler, a Cefas developed micro–logger with standard 
sensors for conductivity, temperature, depth, optical backscatter and 
roll & pitch, for T1 and T2 (Sivyer et al., 2016), a RBR Maestro for T6 
and an RBR Concerto for T9 (RBR Ltd., Canada). Makes and models of 
the different sensors are detailed in Table 2. Additional surface-only 
temperature and salinity measurements were collected using hand-held 
probes (Hanna, SAIV 200, WTW-Multiline 3630 IDS and 3460, BACTI 
Wader Pro). Water samples were also collected for dissolved inorganic 
nutrients (DIN), total suspended solids (TSS) and chlorophyll-a (Chl-a). 
The dissolved nutrient parameters were nitrate + nitrite (NOx), am-
monia (NH4), dissolved inorganic nitrogen (DIN:as the sum of NOx and 
NH4), dissolved inorganic phosphate (DIP) and silicate (SiO4). 
Within six hours of sampling, water samples collected for the ana-
lysis of chlorophyll concentration were filtered (on GFC filters) and 
stored frozen until pigment concentration was determined by fluoro-
metric technique, following maceration of algal cells and pigment ex-
traction in acetone (Parsons, 2013). A Turner 10-005R fluorometer was 
used for the analysis and was periodically calibrated using chlorophyll 
extracts prepared from log-phase diatom cultures (Jeffrey and 
Humphrey, 1975). After filtration of known volume of water samples, 
concentrations of TSS were determined gravimetrically from the dif-
ference between loaded and unloaded membrane filter weights after 
drying filters at 60 °C for a minimum of 12 h. 
Nutrient concentrations were determined using standard procedures 
(Ryle and Wellington, 1982) with a Skalar San++ continuous flow 
analyser (Skalar Analytical, Breda, The Netherlands). Detection limits 
were 0.006 mg/L for NH4, 0.01 mg/L for NOX and 0.01 μg/L for DIP. 
Artificial seawater was used to establish baseline characteristics. Ana-
lyses of the total dissolved nutrients (total dissolved nitrogen species 
and total dissolved phosphate species) were carried out using persulfate 
digestion of the water samples (Valderrama, 1981) and samples were 
then analysed for inorganic nutrients, as above. 
Water quality data was collected from 70 sites in Efate and 35 sites 
in Tanna with site information presented in supplementary data. Water 
quality paramaters were summarised by site and sampling date and 
calculated as mean and standard error. Data from each of the 70 sites 
were aggregated into six distinct reporting areas around Efate and one 
area for the 35 sites in Tanna with water quality parameters reported as 
the mean and standard error within each of the six reporting areas. The 
six reporting areas in Efate were classified as North Efate, Mele Bay, 
Rivers, Lagoons, Port Vila Bay and Port Vila Drains (Fig. 2). A single 
reporting area was assigned to all the Tanna sites. We use a data vi-
sualisation technique to illustrate the magnitude of the concentrations 
associated with three of the water quality parameters (NOX, NH4, DIN) 
across the Efate sampling areas. This technique, known as heat maps, 
provides a visual overview of how the water quality concentrations are 
clustered or vary. 
Efate has very consistent air temperatures throughout the year 
(Fig. 3a), but rainfall reflects the seasonal influences associated with the 
monsoon (Fig. 3b). March is usually the wettest month in Efate with 
37 cm on average. The sea is usually at its warmest in Efate in February 
when the water temperature typically reaches 29 °C. The monthly 
rainfall for the sampling trips T1 to T8 were all below the long term 
annual average (Table 1, Fig. 3) with the exception of T9 (December 
2018). 
Depth profiles of the water column structure were measured at the 
deeper water sites (depth > 2m) through the deployment of the ESM2 
or RBR sensor packages measuring temperature, salinity, dissolved 
oxygen, turbidity and fluorescence (Fig. 4). Depth profiles of photo-
synthetically active radiation (PAR) were also measured (not shown) 
and used to estimate light attenuation (Kd) (Fig. 4). Turbidity is given 
in Nephelometric Turbidity Units (NTU), proportional to scattered 
light, and Chlorophyll as fluorescence in sensor factory-calibrated units, 
which are proportional to μg/L chl-a. Dissolved oxygen was calibrated 
by pre-and post-survey two-point calibration, which while sub-optimal 
for these sensors (which would ideally be calibrated daily in-situ), 
provides a lower-precision overview of the oxygen conditions and a 
consistent picture across surveys. 
The depth profiles have allowed identification of where stratifica-
tion is occurring (Fig. 4). The profiles indicate that the system is highly 
dynamic; with shallow coastal waters tending to be well mixed, and 
stratification occurring further offshore. Salinity and temperature were 
influenced by location and proximity to freshwater inputs, with evi-
dence of a shallow warm and fresh surface layer at some sites. Around 
Tanna, the influence of volcanic hot freshwater streams mixing with the 
seawater is evident at some sites on the east of the island. Turbidity was 
varied with depth and was typically highest near the surface. There 
were differences in turbidity between sites, with deeper Mele Bay sites 
furthest from shore having the clearest waters. Mele Bay waters were 
much more turbid in May 2016 than August 2016 (mean profile tur-
bidity for 5–16.5 m water depth across sampled stations of 0.7  ±  0.05 
and 0.3  ±  0.08 NTU, respectively), which may reflect the dry season 
conditions in August. Chlorophyll fluorescence also often varied with 
depth, with some sites showing subsurface peaks, and others increases 
towards the seabed. The highest chlorophyll in profiles shown in Fig. 4 
Table 1 
Summary of field trips carried out in Vanuatu from May 2016 to December 2018. Mean rainfall (mm) is the long-term average associated with that month and 
monthly rainfall (mm) is the average reported rainfall for Vanuatu in the specific month and year.            
Programme 
Year 
Country Focus area Trip Year Month Season Sites Mean Rainfall (mm) Monthly Rainfall 
(mm)   
1 Vanuatu Efate T1 2016 May Autumn  33  160  26.6  
1 Vanuatu Efate T2 2016 August Winter  39  113  34.9  
2 Vanuatu Port Vila T3 2017 July Winter  30  125  16.2  
2 Vanuatu Port Vila T4 2017 September Spring  53  111  11.1  
2 Vanuatu Port Vila T5 2017 December Summer  53  206  79.5  
3 Vanuatu Port Vila T6 2018 August Winter  35  113  22.3  
3 Vanuatu Port Vila T7 2018 September Spring  48  111  56.5  
3 Vanuatu Port Vila T8 2018 November Summer  11  167  73.8  
3 Vanuatu Tanna T9 2018 December Summer  45  206  248.4 
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was observed at Central PVB sites, however much higher values were 
observed throughout the water column in Fatumaru Bay (data not 
shown as exceeds plot axis scale). Only one depth profile was obtained 
from Fatumaru Bay – an area of restricted circulation in Northern Vila 
Bay which is cut off by a shallow coral sill a low tide. Here, throughout 
the 4-m deep water column, salinity was lower than PVB sites (< 33.5 
PSU) and temperatures more than 1 degree higher than the adjacent 
PVB stations, turbidity was 2–10 times higher than at all other sites and 
chlorophyll 2 times higher at depth but exceeding 100 times higher at 
the surface. The water was typically well‑oxygenated, though some PVB 
sites did show evidence of oxygen depletion with depth which could be 
related to eutrophication issues, with Fatumaru Bay being among the 
most notable. 
Depth profiles of these key parameters are a valuable resource as 
they provide multiple data points with high spatial coverage and in-
formation on the vertical dynamics and stratification. This physio- 
chemical data has been used in the validation of the hydrodynamic 
modelling (particle transport) (Devlin et al., 2018; Graham et al., 
2020). Sensors which measure conductivity, temperature, and pressure 
(CTD) are not dependent on more labour intensive in-situ water sam-
pling, so more observations can be retrieved via this method. Validation 
from in-situ sampling data is useful for calibration but cross validation 
of multiple parameters collected from high frequency instrumentation 
may eventually limit the need for water quality validation samples. 
In-situ water quality data collected over multiple sampling dates 
show high variability, particularly related to nutrient concentrations 
that likely reflect either the seasonal influences of high rainfall or the 
input of stormwater via sewage disposal. Measurements averaged over 
each sampling date (Fig. 5) show high variability related to individual 
sites and some influence of seasonality. The highest peaks in NOx and 
NH4 (Fig. 5a) and DIP (Fig. 5b) are for dry season months in Port Vila. 
Rainfall may be a factor in the higher NOx values but given the low 
amount of rainfall in these months, the high nutrient values are more 
likely influenced by the stormwater drainage system and sewage out-
fall. The dominant form of dissolved nitrogen is NOx, with NH4 dom-
inating in only two sampling periods (Fig. 5a, b). Sampling was carried 
out during the dry season and a “dry” wet season (Table 1, Fig. 3), thus 
potentially missing a seasonal ‘first flush’ event where the highest input 
of pollutants would be carried into nearshore waters by the Efate Rivers 
and the stormwater system. The higher nutrient concentrations in a dry 
August highlight the effect of the stormwater drains and the acute in-
fluence of urban-related flow in dry season months where rainfall is not 
providing dilution (Müller et al., 2019; Poustie and Deletic, 2014;  
Torno et al., 2013). 
The optimal DIN:DIP ratio (N/P-ratio) for phytoplankton growth is 
16:1 (based on molar concentrations and referred to as the Redfield 
ratio), and significant deviations from 16 at low N/P-ratios indicate 
potential nitrogen limitation and at high N/P-ratios potential phos-
phorus limitation of phytoplankton primary production (Fulweiler 
et al., 2012). The DIN:DIP ratios measured over all sites show that ni-
trogen limitation is likely at most sites, but with several exceptions at 
PVD sites which show P limitations, suggesting continuous flows of 
dissolved nitrogen from the urban drains (Fig. 5, Supplementary Fig. 2). 
Water quality data was aggregated into six specific areas in Efate 
including North Efate, Mele Bay, Rivers, Lagoons, Port Vila Sites and 
Port Vila Drains. Data collected in Tanna were aggregated into a single 
reporting area (Fig. 2, Fig. 6). The highest nutrient concentrations were 
measured inshore at areas close to the stormwater drains (part of the 
Port Vila Drain sites) and the Port Vila Bay sites. Elevated NOx, NH4 and 
DIP concentrations are measured alongside the stormwater drains and 
reflect the high pollution potential of non-treated sewage and storm-
water runoff into the Bay. The in-situ water quality data show that 
Fig. 2. Location of sites for Port Vila, Efate and Tanna in Vanuatu. Areas of reporting include North Efate (green dots), Mele Bay (orange dots), Port Vila Bay (Red 
dots), Efate Rivers (dark brown dots), Port Vila Drains (yellow) and the Lagoons (light orange dots) in Efate and the additional sampling in Tanna (Purple dots). 
Further details of site names at higher resolution is in Supplementary Figs. 1 and 2. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
Table 2 
Details of sensors used on each profiler (ESM2, RBR Concerto and RBR Maestro) over the duration of the study.      
Parameter Sensor Profiler Company  
Temperature and Salinity FSI CT ESM2 Falmouth Scientific, Inc., USA 
RBR Marine CT RBR instruments RBR Ltd., Canada 
Turbidity Seapoint STM All Seapoint Sensors Inc., USA 
Dissolved Oxygen Aanderaa 4330F Optode ESM2 Aanderaa Data Instruments AS, Norway 
RBRcodaT.ODO RBR Concerto RBR Ltd., Canada 
RBRcodaODO|fast8 RBR Maestro 
Chlorophyll Seapoint flurometer ESM2 Seapoint Sensors Inc., USA 
Turner Cyclops flurometer RBR Maestro Turner Designs Inc., USA; Maestro 
PAR Li-Cor LI-192 PAR ESM2 and RBR Maestro LI-COR Biosciences, USALI-COR Biosciences, USA 
Fig. 3. (a) Range of monthly temperatures (min, mean and max) and (b) mean rainfall for Port Vila. This weather data was collected between 1982 and 2012. 
Monthly minimum and maximum temperatures and monthly average rainfall were taken from https://en.climate-data.org/info/sources/ 
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coastal nutrient pollution in Efate is elevated around the nearshore 
areas adjacent to the Port Vila Drains and Port Vila Bay sites with the 
highest nutrient concentrations measured at sites closest to the storm-
water drains (Fig. 6). The mean concentrations of NOX and NH4 in the 
Port Vila Drains and the Port Vila Bay sites show that the highest 
measurements of dissolved nutrients were taken inshore and close to 
the discharges from the stormwater drains. However, the highest NOX 
measurements were in the river sites suggesting that diffuse sources 
(agriculture) may also be an important source of the dissolved nu-
trients. NH4, though lower than NOX, is elevated across most of the sites 
in Port Vila Bay indicating that urban related sewage flows are likely to 
be influencing the elevated nutrient concentrations within the whole 
Bay. DIP concentrations are low, and nitrogen: phosphorus ratios are 
typically greater than 16 indicating that most of the areas are (gen-
erally) phosphate-limited other than sites which are in close proximity 
to the Port Vila Drains. 
The spatial distribution of dissolved nitrogen concentrations is 
shown across all Efate sampling sites using a heat map process (Fig. 7). 
Localised high concentrations are shown for NOX (Fig. 7), NH4 (Fig. 7ii) 
and DIN (Fig. 7iii). The higher mean water quality values for dissolved 
nutrients (Fig. 5) align with the stronger colour in the coastal areas and 
illustrates that the location of the higher concentrations in Efate are in 
close proximity to the Port Vila drains and adjacent to the urbanised 
area of Port Vila (Figs. 5, 6). North Efate, Mele Bay and Tanna sites had, 
in comparison, very low in-situ dissolved nutrient concentrations. These 
outputs indicate that stormwater pollutants could be directly affecting 
up to 50% of Port Vila Bay area which is regularly used for inshore 
subsistence fishing and recreational use by the local community and 
discharges could thus pose a health risk to those regularly using these 
waters. The Fatumaru Bay area, observed to be heavily used by the local 
community, is notable from the high intensity colour signifying high 
nutrient concentrations for this area. Higher turbidity (TSS) 
Fig. 4. Depth profiles of the water column for (a) Port Vila Bay Sites (site group id = PV), (b) Mele Bay (site group id = MB) sites and (c) Tanna sites. Depth profiles 
were taken in T1 (May 2016), T2 (August 2016) and T6 (August 2018).  
Fig. 5. Dissolved nutrient concentrations (average across all sampled sites on each unique sampling date with error bars showing standard error collected over three 
years and eight sampling trips and 31 sampling dates in Efate and two sampling trips in Tanna (black dot). The plots refer to mean concentration of (a) Nitrate+ 
Nitrite (NOx), (b) Ammonia (NH4), (c) DIP, (d) DIN:DIP ratio, (e) Total Suspended Solids and (f) Chlorophyll-a on each sampling date. Dissolved nutrients are 
measured in μM, TSS measured in mg/L and Chlorophyll-a in μg/L. Initial sampling dates (May to August 2016) took place in North Efate, Mele Bay and Port Vila Bay 
whilst the sampling from July 16 to November 18 focused on sites within Port Vila Bay, Rivers and Lagoons. 
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concentrations, which can limit the amount of light available, are seen 
at sites in Fatumaru Bay, Mele Bay and in the lagoon, all areas which 
support seagrass habitats (Figs. 2, 4). 
This study reports key water quality parameters collected as part of 
a larger Pacific research programme that focused on water quality is-
sues, human health concerns and mapping of vulnerable habitat. To 
contribute to our findings from the water quality evaluation, we 
summarise water and chemical parameters that have been collected 
within the wider data remit of the four-year program (Table 3). We also 
consider the water quality data against the outcomes of a hydro-
dynamic model developed to model the transport and extent of pollu-
tants in Port Vila Bay (Graham et al., 2020). 
Water at many of the sites was tested for toxicity using Microtox 
analysis (Smith et al., 2020). The majority of sites appeared to have low 
Fig. 6. Average water quality measurements presented for (a) salinity, (b) water temperature, (c) NOx (d) NH4, (e)DIP, (f) DIN:DIP ratios, (g) chlorophyll-a and (h) 
total suspended solids averaged across each reporting areas with Standard Error (95%CI). Reporting areas are shown on Fig. 2 and include North Efate, Mele Bay, 
Rivers (Efate), Lagoons, Port Vila Bay, Port Vila Drains and Tanna. 
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overall toxicity but with some notable exceptions. In particular, sites 
near rivers and Port Vila Drains have been identified as areas where 
high toxicity may be occurring and requires further investigation 
(Table 3). 
Microbial parameters were sampled in and around Port Vila Bay. 
Some samples adjacent to the Port Vila drains exceeded international 
bathing water standards due to high values of Escherichia coli (Mansilha 
et al., 2009). Whilst the sampling for microbial parameters was limited, 
the data does show the highest concentrations of microbial con-
tamination occur close inshore in areas that have high tourism value 
and easy access to swimming and snorkelling (Devlin et al., 2020) 
(Table 3). 
The in-situ water quality outcomes support the results of the hy-
drodynamic modelling (Graham et al., 2020) which shows that the 
highest pollutant concentrations inshore of the Port Vila Bay dissipates 
quickly as the water moves into the outer coastal waters. Modelling of 
the pollutant distribution in Port Vila Bay sites (Graham et al., 2020) 
also identifies that these areas affected by sewage and stormwater in-
puts are where the highest pollutant concentrations are dispersed close 
to shore. The modelling indicates that stormwater pollutants could be 
directly affecting areas which are regularly used for inshore subsistence 
fishing and recreational use by the local community. 
Freely accessible coarse (1- km) to high (20-m) resolution satellite 
imageries were also trialled as part of this baseline study as a cost- 
Fig. 7. Site map for (i) NOx samples, (ii) NH4 samples and (iii) DIN samples where (a) identifies the water quality samples collected around Mele Bay and Port Vila 
coastal waters and the inset highlights the high frequency of samples taken in Port Vila Bay. Annual heat maps are presented for (b) all years (c) 2016 and (d) 2017 
and (e) 2018. Note that sampling in 2016 did not include the northern side of Port Vila Bay (Fatumaru Bay). 
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effective method to map water quality trends around Efate. 
Interpretation of these datasets was complicated by the high cloud 
coverage and low turbidity levels leading to bottom reflectance con-
tamination in optically shallow waters. Their spatial resolution was too 
coarse for identifying sewage or riverine plumes. Remote sensing data 
are an important source of information for data-poor remote islands and 
acquisition of very high-resolution satellite data (available at a cost) or 
drone data would be useful in future studies, for example to validate the 
modelling results and progress the mapping of inshore effluent trans-
port and associated risk in Efate. While the imageries tested were not 
adapted for the geographical scale of this baseline study, they were 
useful for mapping larger-scale patterns in water turbidity such as large 
filamentous algal blooms occurring offshore Efate during the austral 
summer conditions (Supplementary Fig. 3) which will be useful in 
wider regional studies. They have also been successfully used as part of 
the CME programme for mapping river plumes and sediment transport 
in other SIDS with larger rivers and sediment export rates (Devlin et al. 
2019) and have been used successfully in many programs to map water 
quality gradients and impacts on coastal ecosystems (Petus et al., 2014;  
Petus et al., 2016). 
The aim of the full research program (CMEP, 2017; CMEP, 2019c;  
Devlin et al., 2020; McManus et al., 2019) is to integrate different layers 
of data to provide an integrated assessment of water quality (Fig. 8). 
These additional datasets alongside the hydrodynamic modelling 
(Table 3) support the observations reported in this baseline study that 
the main anthropogenic pressures for Efate and more specifically Port 
Fig. 7.  (continued)  
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Vila, comes from diffuse and chronic (sewage and industrial) inputs 
associated localised issues of sewage and industrial inputs into the 
coastal zone and potentially exacerbated through dissolved nutrients 
and sediments from agricultural run-off. These pressures are having 
localised impacts on the rivers and coastal systems and must be con-
sidered against national and global pressures of overfishing, habitat 
destruction, and climate change. Management is required around local 
scale pressures, with a greater understanding of how those local im-
pacts interact with changing national and global pressures. 
This programme collected many environmental parameters with an 
aim of facilitating the transfer of this information into a regional as-
sessent of Pacific resilience (Devlin et al., 2020). The coastal areas in 
Efate and Tanna support many vulnerable ecosystems such as nearshore 
seagrass beds (Komugabe-Dixson et al., 2019) and coastal fisheries 
(Leopold et al., 2013; Raubani et al., 2017). Other recreational activ-
ities, including beach swimming and inshore fishing are also at risk 
from the high microbial discharges impacting on human health (Devlin 
et al., 2020). The water quality programme adds to our understanding 
of resilience through the mapping of the extent of the nutrient and 
pollutant inputs into the coastal system. NOX and NH4 relate to eu-
trophication pressures with higher nutrients in coastal systems im-
pacting on primary production, light and shading and dissolved oxygen 
concentrations. High nutrient concentrations are present in the coastal 
areas of Port Vila and generally linked to the outfalls from the Port Vila 
Drains. Lowest concentrations of dissolved nutrients were measured in 
the northern part of Efate and Tanna. Port Vila Bay is at highest risk for 
eutrophication due to the high concentrations of dissolved nutrients 
from the stormwater drains. There is a possibility that higher nutrient 
Fig. 7.  (continued)  
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concentrations are impacting on coastal habitats such as seagrass beds 
through increased productivity and/or enhanced shading impacts 
(epiphytes on seagrass or light limitations). The higher values of NH4 
around the Port Vila Drains highlight sewage and potential human 
health issues. 
Whilst a small step in the need for detailed scientific information on 
Vanuatu's coastal water quality, the data presented in this study iden-
tifies some of the key issues facing Vanuatu that are representative of 
the broader Pacific coastal water quality issues. Whilst the focus of this 
paper is to report on the water quality data as a baseline dataset, it is 
part of a much larger programme, and should be considered in context 
of the many outcomes that have been delivered within that programme. 
One of the aims of the CME Programme was to map and report on 
ecosystem resilience in Pacific coastal waters which requires complex 
information on the interactions between pressures, drivers and state of 
Pacific ecosystems. Much remains to be done to understand how re-
silient processes and systems work and what we need to do to identify, 
protect and restore them. More data on water, human health and eco-
systems is required for more informed understanding of ecosystem re-
silience (Table 3, Fig. 8). 
Vanuatu, as with most other Pacific islands, faces global, national 
and local-scale challenges to its unique and valuable marine habitats 
(Bell et al., 2011; Brodie, 2016; Chape, 2006; Glynn et al., 2016;  
McIntyre and Heileman, 2005; Mimura, 2006; Waycott et al., 2011). 
The data set presented here provides a baseline against which future 
studies can be benchmarked. This is timely given the development of 
the port situated within Port Vila Bay and the associated increase in 
both tourism and cargo trade (Buckwell et al., 2018; Komugabe-Dixson 
et al., 2019; SPREP, 2018; Zari et al., 2020). Such information can be 
used to assess the success of mitigation measures (e.g. improvements in 
waste-water treatment or storm water runoff) or pollution reduction 
policies designed to better manage the coastal zone. Furthermore, these 
data help inform regional assessments of water quality (SPREP, 2018), 
climate change resilience reporting (CMEP, 2018; Komugabe-Dixson 
et al., 2019; Townhill et al., 2020) and reporting requirements to meet 
UN Sustainable Development Goals (Vanuatu, 2019). The data will also 
enable identification of pollution hotspots and start to provide evidence 
of plume behaviour for effluents. Viewed holistically and integrated 
with other datasets documenting environmental change, urbanisation 
and ecological resilience this will increase the local capacity to make 
more informed decisions with respect to environmental aspects of 
marine and coastal planning. 
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Table 3 
Summary of Vanuatu water quality monitoring data and hydrodynamic modelling collected under the CME Programme to provide further insights to support the 
outcomes of the water quality data. Parameters summarised include contaminants measured by microtox, sewage bacteria chemical contamination measured by 
passive samples and application of a hydrodynamic model.      
Parameter What does it tell us – issues for Vanuatu Impacts on ecosystem resilience Final assessment  
Contaminant Impact 
(Microtox) 
Smith et al., 2020 
Microtox data shows combined impact for any 
acutely toxic contaminants. Samples taken at 
the areas with complex effluent inputs or where 
industrial operations are occurring have highest 
values. For example, the effluent outfall near 
Port Vila market caused 50% reduction in 
growth and a sample of the Tagabe River, which 
discharges into Mele Bay, showed a reduction of 
almost 40% (Smith et al., 2020 This river is 
where some of the industrial sites discharge 
their effluents. Further analysis of these high- 
risk sites is recommended. 
Innovative sampling using in-situ 
instrumentation can help define the areas of high 
risk to environmental health. These sensors 
respond to toxic chemicals rather than sewage 
bacteria, or nutrient loading, and so provide a 
measure of industrial, commercial, or 
agricultural impacts. These data can identify 
areas where combined pollutants are causing 
impacts that may not be predictable from 
individual contaminant concentrations. This 
information can be used to determine areas 
where the local ecology is being influenced by 
the overall contaminant load. 
Microtox data has been collected for river and 
seawater samples across a wide range of sites. In 
general, the water at sites tested appeared to 
have low overall toxicity, with some notable 
exceptions. This provides an assessment of 
current water column issues, but does not assess 
sediment contamination, which can become an 
issue during dredging or storms. The Tagabe 
River and the effluent channel outside of the 
market in Port Vila have been identified as areas 
that need further investigation if the ecology of 
the surrounding area is to be protected (Smith 




Sporadic peaks in microbial contamination were 
observed in Port Vila. Some samples failed 
international bathing water standards. 
However, restricted temporal coverage of the 
microbial samples limits confidence in this 
assessment. 
These samples are most appropriately taken in 
key areas of contamination for example: in close 
proximity of the stormwater drains in Port Vila. 
Understanding of impacts can be developed 
further through a pollution dispersion model 
(e.g. Graham et al., 2020) Integration of in-situ 
samples and the particle transport modelling is 
key to resilience mapping related to human 
health issues. 
Sewage contamination is a serious issue for 
Vanuatu, as with all Pacific countries facing 
increasing populations and a lack of adequate 
sewage treatment infrastructure. The CME 
Programme data was in partnership with the 
Vanuatu Department of Water Resources and is 
being used in a wider monitoring program. 
Further monitoring is required to help prioritise 
what mitigation is required to address human 
health concerns. 
Chemical Contaminants 
Smith et al., 2020 
Passive samplers were used to quantify known 
pollutants in the water at 12 sites around Efate. 
This provided a list of chemicals of concern that 
are making their way into the marine 
environment, and identified the most impacted 
areas. 
Passive samplers adsorb contaminants from the 
environment over a period of days, which makes 
them a better suited to observing the periodic 
pollution events and concentrations influenced 
by rainfall or tidal cycles than standard in situ 
sampling. 
Certain chemicals, such as specific 
hydrocarbons and pesticides, were observed at 
concentrations of concern for human health and 





(Graham et al., 
2020). 
Surface plumes of pollutant transport lead to 
high surface concentrations at the coast. 
Buoyant plumes flow along the coastline, and 
high concentrations build up in enclosed 
bays.Suggested control method include 
consolidating existing outflows at depth off- 
shore. 
Highest concentrations remain close to source, 
with spread affected by bathymetry and 
coastline. 
Surface plumes lead to high surface 
concentrations along the coast. 
Highest concentrations are expected in the wet 
season, due to increased outflows and favourable 
winds. 
Release at depth lowers surface concentrations, 
but the impact is dependent on depth and 
location of release. 
Highest concentrations remain close to coast, 
close to source. Bathymetry and coastline affect 
dispersal e.g. high concentrations build up in 
shallow, enclosed bays. Highest concentrations 
build up in Fatumaru Bay. Coastal ecosystems 
will have reduced reslience due to high 
pollutant exposure, which in turn will impact on 
coastal amenities (tourism and swimming). 
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